The use of inlet air fogging installation to boost the power for gas turbine engines is widely applied in the power generation sector. The application of fogging to mechanical drive is rarely considered in literature [1] . This paper will cover some considerations relating to its application for gas turbines in ship drive. There is an important evaporative cooling potential throughout the world, when the dynamic data is evaluated, based on an analysis of coincident wet and dry bulb information. This data will allow ships' gas turbine operators to make an assessment of the economics of evaporative fogging. The paper represents an introduction to the methodology and data analysis to derive the direct evaporative cooling potential to be used in marine gas turbine power output loss compensation.
INTRODUCTION
The gas turbine output as well as efficiency strongly depends on the ambient temperature. For every 1 0 C rise in ambient temperature, a gas turbine output drops by 0,5 -0,9 %, and a heat rate increases about 0,2 % [2] . The detrimental effect of ambient temperature on gas turbine output and efficiency creates problems for operators of as well power generation and mechanical drive units. In hot and dry air regions, gas turbine power output is dramatically reduced because of the reduction in gas turbine air mass flow. This effect is particularly predominant with aero derivative units that are commonly used in the marine drive, see Fig. 1 . Cooling the air to the wet bulb temperature will increase the density of the air, increase the air mass flow, and boost the gas turbine engine power and efficiency.
Fig. 1. Typical Temperature -Power Relation for Aero derivative Marine Gas
Turbine (Two -Shaft) LM2500 (1) and Electric Power Gas Turbine GT10B (2) To compensate a gas turbine output loss when ambient temperature rises, several inlet air cooling technologies are available. In such case, a selection of the climatic design point is of principal importance [3] . Then the choice of the gas turbine power augmentation technology depends on the following factors:
• The type of the gas turbine service.
•
The cost of the fuel.
The benefits of power augmentation.
The variability of climatic conditions.
ELECTRIC POWER GENERATION
In the electric power generation, the gas turbine output augmentation can impact economics and /or frequency control performance of the electric power gird. Three modes of gas turbine service in the power generation can be distinguished.
• Based load, e.g. combined cycle of large power plants where additional power at any time results in additional revenue.
• Peaking service, where meeting the higher demand enables to satisfy the required frequency performance. In the same time the revenue is much higher than standard.
• Supporting wind power plants, where vagaries of the wind speed need adequate local support from conventional sources to provide limiting of the power and frequency fluctuations [5] .
The design point for a gas turbine which is planned to be installed very often is the basis of design for the project in some areas. When the application of gas turbine power augmentation technologies such as evaporative cooling or mechanical chilling is assumed, then the selection of the design point is based on the use of locally collected weather data. On such basis, an accurate and appropriate analysis should be developed to compare different cooling technologies taking into account the type of project, the power demand diagram, coincident air temperature and humidity, electricity and fuel prices. Especially in hot arid areas, the cooling approaches are in use for several decades [7] .
In specific location of a gas turbine, an analysis of climatic data is necessary to provide the full year sites' temperature profile. This data can be used to generate the so-called cooling "degree hours" [2] which are a measure of available cooling potential. For each hour of the year such an analysis allows a gas turbine operator to evaluate the available power gain from power augmentation. Usually several climatic data sources are available. Most of them are average (typical and representative) weather data. Most frequently, they may provide a sufficient description of an estimated value of the cooling potential in specific location.
POWER AUGUMENTION OF SHIP GAS TURBINE
The marine gas turbines offer advantages for specific ship categories such as cruise ships, fast ferries, fast cold storage vessels, general refrigerated ships, fruit carriers, packet ships, mega -yachts, naval vessels. All fast ships need prime mover operation at maximum performance parameters. Full power operation at prime mover optimal parameters results in maximum speed of a ship on one hand and environmentally friendly conditions on the other hand. The change of ambient air temperature influences prime mover performance. Voyaging at cold weather (air temperature lower than the design point), the thermal efficiency is improved. Above the design point air temperature, the thermal efficiency of a gas turbine decreases which results in power output decrease. This effect can be more severe on aero derivative engines mostly used in ship drive, Fig. 1 .
For ship drive applications, when output power from the gas turbine falls on hot days, very often power output demand is high and the power margins originally designed into the driver have been exhausted. In such circumstances augmenting gas turbine power output can have an important impact on profitability.
AIR TEMPERATURE CHANGE DURING SHIP VOYAGE
Viewing an air temperature change lets us take into account separately a short, and a long sea voyage of a ship. The Baltic Sea on one hand and the Mediterranean Sea on the other can be considered for a short voyage e.g. of a ferry equipped with gas turbine.
In Fig. 2 and in Fig. 3 the air temperature on the shore of Baltic Sea in January (in winter), and in July (in summer) is represented; Fig. 4 and Fig. 5 -air temperature on the shore of Mediterranean Sea. 
AIR COOLING TECHNOLOGY FOR SHIP GAS TURBINE POWER AUGMENTATION
The detriment effect of ambient temperature increase on gas turbine output and efficiency poses a significant problem in the ship drive during high demand. In such case, the use of power augmentation can reduce the dependency on ambient temperature. In the ship drive, two cooling technologies can be considered. They are: an evaporative cooling or chilling. Chilling is accomplished mainly by mechanical package chillers. In the ship use, the evaporative cooling seems to prevail over the chilling because of lighter weight and smaller bulk of additional installation.
The basic principle of evaporative cooling consists in latent heat water vaporization. When water evaporates, it cools the air at the gas turbine inlet. The effectiveness of traditional evaporative cooler can be defined as:
where T 1 is inlet temperature, T 2 -exit temperature of evaporative cooler, DB -dry bulb, WB -wet bulb. [7] . The wet bulb temperature can never be attained. A typical value for effectiveness is 85 -90%. The use of a media type evaporative cooler inherently involves a pressure drop in inlet duct. These drop losses result in a drop in power output and efficiency.
Direct inlet fogging is a method of cooling, where demineralized water is converted into a fog by means of special nozzles operating at 7 -14 MPa. When compared to other technologies (media evaporative cooling and refrigeration technologies), fogging has seen large-scale application because of low first cost. This technique allows attaining effectiveness close to 100%. That means the relative humidity at the gas turbine inlet will be 100% which gives the lowest temperature possible (as the wet bulb temperature) without refrigeration.
Several weather data sources may provide a sufficient description and give an estimated value of the cooling potential in a specific location. The change of location, the change in the climate needs special treatment to quantify the impact of these effects on the weather data and consequently on the efficiency of gas turbine inlet air cooling system. The Equivalent Cooling Degree Hours (ECDH) calculations are a useful measure when inlet fogging is deployed. The cooling degree hours is a number (0 C -hours) that defines the total amount of cooling that can be derived in a given time period. The ECDH is calculated with a lower limit of Minimum Wet Bulb Temperature (MWBT) varying between 7,2 0 C (450F) and 12,8 0 C (550F) [2] . The MWBT is selected in order to avoid the possibility of inlet icing. The ECDH is calculated as the difference between the coincident dry bulb temperature and the wet bulb temperature multiplied by the number of hours that this difference exists if the wet bulb temperature is above the lower limit of MWBT. At a given location the ECDH number would be multiplied by the gas turbine specific kW/ 0 C cooling number to compute the kW -hours of capacity available by the use of inlet fogging. For example, if the ECDH is 10 000 degree -hours, then a gas turbine such as the LM 2500 which has the specific cooling number of approximately 134,4 kW/ 0 C, see Fig. 1 , the kW -hours gained would be 10 000 0C -hrs x 134,4 kW/ 0 C = 1344000 kW -hrs.
There is a relatively large evaporative cooling potential throughout the world. It can be evaluated, based on an analysis of coincident wet bulb and dry bulb information when the climatic data is available. In [2] a detailed climatic analysis has been made of 106 major locations over the world to provide the cooling hours that can be obtained by inlet fogging. The source of data was a database published by Airforce Combat Climatology Centre. A cross check was performed with American Society of Heating and Refrigeration Engineers (ASHRE) data. The ECDH was calculated assuming a lower WBT limit of 12,8 0 C (550F). This number was considered to avoid any possibility of inlet icing. Table 1 shows cooling hours for some ports on the shore of the Baltic Sea, on the shore of Mediterranean Sea, and on the way from Baltic Sea Area to Far East Area. Any operator of ship gas turbine can evaluate the potential for evaporative cooling per month in the region of this ship's location, based on databases such as those in Table 1 . Multiplying the ECDH number by the turbine specific kW/ 0 C cooling number, it is possible to calculate the kW -hours of capacity available by the use of evaporative fogging.
EVALUATION EXAMPLE OF THE POTENTIAL POWER GAIN FROM INLET FOGGING ON SHIP'S VOYAGE
On the way from Baltic Sea Area to Far East Area, there are regions of high humidity (e.g. Madras, Manila, Hong Kong areas). Therefore, it is worth to remark, that the moisture
• holding capacity of air depends on its temperature. Warmer air can hold more moisture then cooler air. This results in the conclusion, that high relative humidity generally occurs time
• coincident with the lowest temperature and the lowest relative humidity occurs with the highest temperature. Therefore, relative humidity is the highest during the cool morning and evening hours and the lowest in the hot afternoon hours. That's because even in the most humid environments, it is possible for an evaporative cooling up to 8 0C during the hotter part of the day. The sites' temperature profile for a full day of hourly data of wet and dry bulb coincident temperatures have to be considered in the analysis. On such basis, evaporative cooling degree hour (ECDH) numbers for each hour of the day can be calculated. These data allow a gas turbine operator to evaluate the potential power gain from inlet fogging. 
CONTROL SYSTEM OF INLET AIR FOGGING
A typical inlet air fogging system for gas turbine application consists of a series of high -pressure reciprocating pumps providing demineralized water to an array of fogging nozzles installed in the inlet air duct. Each high -pressure pump is connected to a fixed number of fog nozzles representing one discrete capacity of fog cooling, see Fig. 8 . The pumps can be turned on or off sequentially to control the amount of cooling water.
Fig. 8. Gas Turbine Inlet Fogging Control System
Fore chosen pump displacements, it is possible to obtain several cooling stages by the utilization of different pump combinations [7, 8] . For example, using four pumps, one rated at 0,5 m 3 /h and three at 1 m 3 /h, seven cooling stages are possible, see Table 2 . In this example, as the day temperature increases, a 9 0 C drop in temperature may be managed in three cooling increments, see Table 3 . Each stage is activated for 30 0 C cooling. Smaller increments would require more stages. The sites' temperature profile for a full day of hourly data of wet bulb and dry bulb temperatures, and by the same of wet temperature depression, depends on the region in the world, on the month, and day. Table 4 The temperature and humidity sensors are provided to measure ambient relative humidity and dry bulb temperature. These measured parameters are used to compute the ambient wet bulb temperature and the difference between dry bulb and wet bulb temperature (the depression) to calculate and control the amount of evaporative cooling. This is the role of programming algorithms in the Programmable Logic Controller (PLC) mounted on the high -pressure pump skid, see Fig. 8 .
To implement inlet fogging, very little modification of the gas turbine, an inlet air system is needed. The most applied location for the high -pressure fog nozzle manifolds is the downstream of the air -filter. This option for installing the inlet fogging allows for moreover fog intercooling. In such, case the control system supplies a greater quantity of water that can be evaporated prior to the compressor inlet. The excess fog is brought into the compressor. This creates a compressor intercooling effect, see the last column in Table 3 , which is boosts the gas turbine power output considerably. Any marine gas turbine operates at a range of loads. Therefore, the gas turbine load should be an input to the PLC, see Fig.8 . The PLC algorithms would then adjust the amount of fog injection in proportion to the inlet air mass flow.
ECONOMIC ASSUMPTION OF INLET AIR FOGGING APPLICATION
On one hand, to implement inlet fogging, very little modification of the inlet air system is needed. On the other hand the decision to apply inlet air fogging is an economic one. The following factors should be taken into account in a feasibility study:
• Climate profile of a ships' voyage, • Cost of the cooling system to be installed, • Amount of MW-h boost gained over a year by means of inlet air cooling, and what benefit is attained as the result of it,
• Parasitic power used, and the effect of increased inlet pressure drop (which is almost nil), and the cost of the demineralized water,
• Projected O&M costs for the inlet fogging system, • Potential environmental impact.
CONCLUSION
In ship drive applications, the gas turbine power output drops on hot days. Very often, power demand is high. In such circumstances augmenting gas turbine power output has an important impact on ship's voyage economics.
The dependency of marine gas turbine on the ambient temperature (power output and efficiency drops with ambient temperature increase) makes inlet air fogging an effective gas turbine power compensation. Power augmentation is a result of water direct evaporation. By this means, the wet bulb temperature is attained at the inlet of compressor. Then, further enhancement of gas turbine power can be attained by fog intercooling. Water excess in form of micron size particles enters compressor. This causes reduction of the gas turbine compressor work.
An investigation has been conducted in order to examine the applicability of inlet air fogging in marine gas turbines. Different areas of ship's voyage have been taken into account. The use of inlet air fogging in marine gas turbines must be evaluated based on the gas turbine characteristics, climate profile of ship's voyage, and expectations of gas turbine power augmentation.
